The method for equivalent static wind loads applicable to multi-responses is proposed in this paper. A modified load-response-correlation (LRC) method corresponding to a particular peak response is presented, and the similarity algorithm implemented to the group response is described. The main idea of the algorithm is that two responses can be put into one group if the value of one response is close to that of the other response, when the structure is subjected to equivalent static wind loads aiming at the other response. Based on the modified LRC, the grouping response method is put forward to construct equivalent static wind loading. This technique can simultaneously reproduce peak responses for some grouped responses. Key words: large-span roof; equivalent static wind loads; modified LRC method; grouping response; similarity algorithm
responses instead of all structural peak responses. To obtain the reasonable equivalent static wind distribution, a modified LRC method corresponding to a particular peak response is first put forward in the paper. The similarity algorithm explaining the process of grouping response is described. Based on the modified LRC, the grouping response method is then proposed to compute ESWL, which can simultaneously reproduce peak responses for some grouped responses.
Method for Calculating Equivalent Static Wind Loading 1.1 Modified LRC Method
The LRC method of Kasperski (1992) has been used to determine the background component of equivalent static loading. The LRC method can give an expected equivalent load distribution corresponding to a particular load effect or response i, with an influence coefficient vector i I . The equivalent wind loading is given by 2 ,
where the subscript 'B' denotes background component; Pi ρ is the correlation coefficient between fluctuating wind loading and background response; P σ is the RMS of wind pressure; Generally, the LRC method is used only to calculate the background component of equivalent static load distributions; at the same time, many other methods can be chosen to compute the resonant component. To circumvent the process of calculating the resonant component, the modified LRC method, which regards a specific total peak response ˆi R as its direct target, is presented below. The peak response ˆi R is defined by
where i R is the mean response; , R i σ represents the RMS response; and g is the peak factor, set here as 2.5. The sign " ± " assures that ˆi R obtains the absolute maximum. In the modified LRC method, the form of equivalent static loading obtained from the traditional LRC method is preserved. For the sake of considering the resonant component, each original element in the background component eBi P is multiplied by a modified coefficient. Thus, the equivalent wind loading in the modified LRC method is given by ( )
where P is the vector of mean wind loading;
( ) diag ⋅ denotes that a vector is expanded to a diagonal matrix; the second term on the right side of the equation is the dynamic component in which eBi P is the background component calculated from the traditional LRC method; eBi k is the unknown modified coefficient vector used to compensate the background component for the resonant component. The variable eBi k can be computed as follows:
Eq. (4) can be rearranged as
where [ ] † ⋅ denotes the Moore-Penrose generalized inverse (Golub, 1996) . The results of eBi k obtained through Eq. (5) is the minimum norm solution (Bhatia, 1997) for Eq. (4).
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Substituting eBi k into Eq. (3) leads to the equivalent static loading corresponding to the peak response i R . Similar to the traditional LRC method, the equivalent static loading computed through the modified LRC method only aims at a specific response.
Similarity Algorithm
If the calculating error of one response when the structure is subjected to the equivalent static wind loads aiming at other response is small, two responses could be put into the same group. The similarity algorithm that goes into the computer implementation is described below.
Step 
where sij R is the value of response i when the structure is subjected to the equivalent static loading corresponding to response j.
Step 3. The matrix of computational accuracy is obtained through dividing each line of s R by the diagonal element of line. The element in T is ij T , ij sij sii T R R = , which defines the computational accuracy for response j when the structure is subjected to the equivalent static loading corresponding to response i. The variable ij T is generally less than 1.0 while i j ≠ ; ij T is equal to 1.0 when i j = , which shows that the error is zero.
Step 4. At the final step, the value of similarity level α should be evaluated. If ij T is larger thanα , the responses i and j can be put into one group. The value of α could differ depending on the structure. If a high level of similarity is expected, the α value can be large. Practical experience shows that similarity between responses in the same group can be guaranteed when 0.5 α ≥
.When the criterion of 0.5 α ≥ is chosen, it does not mean that, under the ESWL presented in Section 1.3, the responses could be estimated with an error of as large as 50%. The four steps above are only to group similar responses.
Equivalent Static Wind Load Distribution for Grouped Responses
Responses can be grouped based on the modified LRC method and similarity algorithm. Due to similar characteristics of responses in the same group, equivalent static loading for a group can be expressed as a linear combination of the equivalent static loadings for every response in the group; that is,
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where , (Bhatia, 1997) .
From the description above, the equivalent static wind loading for a group proposed in the paper is actually a linear combination of individual ESWLs for the grouped responses. For these individual ESWLs are not orthogonal and complete basis set, the obtained ESWLs is just one of many possible solutions by using the Moor-Penrose generalized inverse. Some work should be done in the future research to make up for the weakness. On the other side, a meaningful distribution of ESWL could be still obtained through the current method in the paper for the basic component of the ESWLs originates from the LRC method. From the application of the method in section 3, it can be found that, when the appropriate groups are chosen, the range of magnitude of equivalent static wind loads is similar to that of natural wind pressure, which is the rationality of ESWL distribution mentioned in the section of Introduction.
Wind Tunnel Experiment and Characteristics of Wind Pressure Distribution 2.1 Wind Tunnel Experiment
The application of the method to actual large-span roof structures is investigated. The large-span roof set used as an example is a steel cylindrical shell with double-layer space grids. The structure has a span of 103.0 m, a height of 40.0 m, and a length of 140.0 m. Its rise-span ratio is 0.39. To obtain pressure distribution on the roof surface, a wind tunnel test was performed in the TJ-2 Boundary Layer Wind Tunnel at Tongji University, whose working section is 3.0 m wide and 2.5 m high. The geometry scale was 1:150. A total of 430 measuring taps were arranged on both the top and bottom of the roof in a grid pattern, meaning there were 215 measuring points. Fluctuating wind pressures were simultaneously measured at all 430 measuring taps on the rigid model of the roof at 300 Hz. Fig. 1 shows the parameters of roof and wind directions. Pressure taps were connected with the measurement system through PVC tubing. To avoid dynamic pressure distortion, signals were modified using the transfer function of the tubing systems.
The wind field of terrain category B in accordance with the Chinese Code (2006) was simulated with a standard spire-roughness arrangement on the wind tunnel floor. The exponent of the mean wind speed profile for terrain category B was 0.16. Reference wind speed at the height of 1.0 m (equivalent to 150.0 m high in the atmospheric boundary layer) in the wind tunnel for the measurement obtained from the pitot tube was 12.0 m/s, indicating that the velocity scale was 1:4.85. Turbulence intensity at the height of the roof top was about 15%. Fig. 2 presents the power spectra at the height of the roof top in the wind tunnel.
Wind pressure obtained from the pitot tube was used to calculate the non-dimensional pressure coefficients. Non-dimensional net pressure coefficient C p is defined by , ,
where Pk C is the pressure coefficient at the kth measuring point; , k u P is the upper pressure at the kth measuring point; , k b P is the corresponding bottom pressure; and and are the static pressure and total pressure of the pitot tube at the reference point in the test, respectively. Wind speed at the height of the roof top (40.0 m) was used to obtain the normalized pressure coefficient.
Brief Description of Characteristics of Wind Pressure Distributions
Only a brief analysis on the wind pressure at a 90° wind direction is given below. The method of equivalent static wind loads is also applied only at the 90° wind direction in the next section. Fig. 3(a) shows the contours of mean pressure coefficients. The large values of positive mean pressures occur on the windward region; on the neighborhood surface of the top roof, negative pressures are found because of flow separation. On the leeward region, only small values of positive pressures exist, which are mainly caused by suction pressures on the opposite inner side of the roof. The contours of RMS pressure coefficients are shown in Fig. 3(b) . RMS pressure coefficients have a uniform distribution compared with mean pressure coefficients. Relatively large RMS coefficients are found at the edge of the windward roof and the top roof as a result of flow separation. The values of RSM pressure coefficients are generally lower than those of mean wind pressure coefficients.
Application of Method of Equivalent Static Wind Loads 3.1 Mode Analysis of Structure
The first natural frequency is 1.39 Hz and about 30 mode shapes range from 1.39 to 5.51 Hz. Hence the natural frequencies are fairly close to one another, which is one of the most important considerations when analyzing the dynamic response of large-span roofs.
Computing Parameters and Computation of Peak Responses
Wind and structural parameters for computation are as follows: (1) terrain category: B; (2) 10 min averaged wind speed at a 10 m height: 35.8 m/s; and (3) structural damping ratio: 0.01. Time-domain analysis of dynamic responses was carried out using the fluctuating wind pressure obtained from the wind tunnel test. Based on the time series data gained from the time-domain analysis, mean and RMS responses were easily achieved. Peak responses were then obtained using Eq.(2), which can be used for the computation of equivalent static wind loads.
Characteristics of Equivalent Static Wind Loads
As mentioned, the case study only focuses on the 90° wind direction. For simplicity, 49 points on the upper surface of the roof were chosen for the analysis below. These points are uniformly distributed. For the structure, span-wise and vertical displacements play the most important roles in the structural design, corresponding to Y and Z displacements in the reference frame, respectively. Responses are selected from the same type of displacement to construct the group, in which the equivalent static loading is convenient for structural designers. Before grouping the responses, equivalent static loadings aiming only at a specific peak response are computed through the modified LRC method. Then, the similarity algorithm in Section 1.2 is applied and α is set as 0.5. Results of the grouping for displacement response are shown in Fig.  4 . Generally, neighborhood points have a high possibility of forming the same group.
After grouping is completed, equivalent static wind loads for different groups (Fig. 5 ) can be computed using the method described in Section 1.3. For the symmetry characteristics of wind pressure and structure, only equivalent static wind loads for displacement group I-III are shown in Fig. 5 . The symbol , ey Ι P denotes the equivalent static wind distribution aiming at Y displacement responses in group I (the same as others). Equivalent static wind loads have somewhat similar characteristics of background component given by the traditional LRC method. The large pressure usually occurs in the region where the targeted group is located, partly caused by the large influence coefficients in the neighborhood of such a region. Another reason is the strong correlation between the responses of group and wind pressure in these regions. In contrast, pressures in the rest of the region are generally small. Nevertheless, not all equivalent static wind distributions in Fig. 5 have the obvious characteristics mentioned above. In Figs. 5, some large pressure levels could be seen on the windward surface of the roof.
Equivalent static wind loads obtained in the paper can, to some extent, provide an effective wind distribution similar to what the LRC method does. Fig. 5 shows that equivalent static wind loads are different between groups, indicating that equivalent static wind loads can only aim at peak responses within a certain group. In addition, the values of equivalent static wind loads fall in the range of -1.2~+2.8 KPa, indicating that the range of magnitude of equivalent static wind loads achieved in this study is analogous to that of natural wind pressure.
Comparison of Peak Responses
Peak responses [Eq. (2)] based on the time-domain analysis are regarded as precise results. To verify computational accuracy, peak displacements reproduced when the structure is subjected to equivalent static wind loads for groups are compared with the precise ones. Pictures of correlations between the two results are plotted in Fig. 6 , which correspond to Fig. 5 . Each spot in the picture of correlations represents a certain response. The closer a spot is to the diagonal, the smaller the error between the reproduced and precise values. All reproduced responses in the group agree well with the precise values. This can be verified by certain spots located on the diagonal, which stand for the responses in the targeted group. If measurement indexes are calculated separately for the targeted responses above, we get =0°, =1 and e=0.00%, indicating that the errors are zeros. However, when accuracy for the responses of non-targeted groups is evaluated, the result is not satisfactory. For example, when the structure is subjected to , ez Ι P , the ratio of length is 0.966 for Z displacements in Fig. 6(b) , indicating that smaller errors may exist. Even in this situation [ Fig. 6(b) ], errors between the reproduced responses and precise ones reach around 20% (e=25.60%). The method of equivalent static wind loads can indeed reproduce multi-responses in a certain group, which expands the application of equivalent static wind loads; however, this method cannot be used for determining all responses.
Concluding Remarks
As a new attempt to explore the calculation of ESWLs for large-span roof structures, the grouping response method is proposed herein to reproduce grouped peak responses simultaneously. In this method, similarity algorithm is used to group the responses for an actual large-span roof. Then, equivalent static wind loads are calculated based on a modified LRC method. When the similarity of responses in the same group is high, equivalent static wind loads with high accuracy and reasonable magnitude can be achieved. A balance among the number of targeted responses, computational accuracy, and magnitude of equivalent static wind loads is constantly observed. Indeed, the method could bring some errors for non-targeted groups though the results in targeted group are satisfactory. 
